[1] Volatile organic compounds (VOCs) are emitted during plant litter decomposition, and such VOCs can have wide-ranging impacts on atmospheric chemistry, terrestrial biogeochemistry, and soil ecology. However, we currently have a limited understanding of the relative importance of biotic versus abiotic sources of these VOCs and whether distinct types of litter emit different types and quantities of VOCs during decomposition. We analyzed VOCs emitted by microbes or by abiotic mechanisms during the decomposition of litter from 12 plant species in a laboratory experiment using proton transfer reaction mass spectrometry (PTR-MS). Net emissions from litter with active microbial populations (non-sterile litters) were between 0 and 11 times higher than emissions from sterile controls over a 20-d incubation period, suggesting that abiotic sources of VOCs are generally less important than biotic sources. In all cases, the sterile and non-sterile litter treatments emitted different types of VOCs, with methanol being the dominant VOC emitted from litters during microbial decomposition, accounting for 78 to 99% of the net emissions. We also found that the types of VOCs released during biotic decomposition differed in a predictable manner among litter types with VOC profiles also changing as decomposition progressed over time. These results show the importance of incorporating both the biotic decomposition of litter and the species-dependent differences in terrestrial vegetation into global VOC emission models.
Introduction
[2] Biogenic volatile organic compound (VOC) emissions from terrestrial ecosystems can have important effects on atmospheric chemistry and ecosystem-level processes. In the atmosphere, biogenic VOCs are initially degraded by hydroxyl radicals, a photochemically produced compound in the atmosphere that is responsible for the oxidation of several types of greenhouse gases, including methane. Because biogenic VOCs, along with greenhouse gases, can be competitive reactants for available hydroxyl radicals, many regional and global atmospheric chemistry models explicitly consider biogenic VOC emissions when predicting the tropospheric lifetime of greenhouse gases [Hauglustaine et al., 1998; Lelieveld et al., 1998; Poisson et al., 2000] . Additionally, the products of biogenic VOC oxidation can serve as cloud condensation nuclei affecting local cloud albedo and precipitation dynamics [Spracklen et al., 2008] or they can react with tropospheric NO x , affecting nitrogen transport [Harley et al., 1999; Monson and Holland, 2001] . As all VOCs are comprised of a carbon skeleton, their emissions from the biosphere are also a component of local and global carbon cycling [Guenther, 2002; Kesselmeier et al., 2002] . There is also evidence that VOCs can influence biogeochemical processes within soils, altering rates of carbon cycling by serving as substrates for microbial metabolism [Shennan, 2006] , inhibiting microbial processes associated with the nitrogen cycle [Amaral et al., 1998; Bending and Lincoln, 2000; Smolander et al., 2006] , and either stimulating or inhibiting the growth of specific microbial taxa [Bruce et al., 2004; Wheatley, 2002] .
[3] The emissions of VOCs from living plants have been studied for decades and, although key knowledge gaps remain, we have a reasonably good understanding of the biotic and abiotic controls over plant VOC emissions [Kreuzwieser et al., 1999] . In contrast, VOC emissions from soil and litter have received far less attention even though recent studies suggest that they may represent important sources of VOCs in terrestrial systems [Asensio et al., 2007; Leff and Fierer, 2008] . There have been some recent efforts to incorporate soil and litter sources into VOC models [Jacob et al., 2005] , but such models are often constrained by the paucity of relevant data. For example, Warneke et al. [1999] used abiotic emissions from leaf litter of a single plant species (Fagus sp.) , to estimate global VOC emissions from soil, assuming that biotic sources of VOCs from the litter are insignificant and that litter from different species emit similar types and quantities of VOCs.
[4] Recent research on VOC emissions from soil and decomposing litter suggest that microbes may be important sources of VOCs and that such emissions are highly variable across litter types. Isidorov and Jdanova [2002] found differences between essential oils extracted from leaf litter and the VOCs that were emitted, suggesting that microbial enzymes were breaking down these oils into volatiles. Likewise, Leff and Fierer [2008] sampled VOC emissions from litter and soil and found a high correlation between respiration, microbial biomass and VOC emission levels, suggesting that microbial decomposition processes are the dominant source of VOC emissions. They also found that the litter produced a greater diversity and quantity of VOCs compared to soil. However, we still do not know the relative importance of biotic versus abiotic sources of VOC emissions during litter decomposition and how VOC emissions vary among types of decomposing litter from different plant species. We would expect the types and quantities of VOCs emitted to vary across litter types due to differences in litter chemistry and/or differences in decomposer communities. Both microbial community composition [Bunge et al., 2008; Lechner et al., 2005] and substrate-type [Van Lancker et al., 2008] have been shown to influence VOC production by microorganisms.
[5] We measured VOC emissions from both sterile and non-sterile litter from 12 plant species over a 20-d laboratory incubation, using proton transfer reaction mass spectrometry (PTR-MS) to quantify the concentration of specific VOCs above the litter and facilitate calculation of compoundspecific emission rates. The study was designed to address the following questions that currently represent gaps in our understanding of terrestrial VOC emissions. First, what is the relative importance of abiotic versus biotic processes to VOC emissions from litter? If biotic controls on global emission models are important, current models that assume strictly abiotic emissions will have to be revised. Second, does the decomposition of litter from different plant species yield different types and quantities of emitted VOCs? And if so, can these differences in VOC emissions among litter types be predicted from either plant taxonomy and/or litter chemical characteristics? Addressing these questions will help improve our estimates of VOC emissions from decomposing litter in the field and improve our predictions of how VOC emissions from terrestrial ecosystems may be altered over time and space with shifts in vegetation type.
Methods

Sample Collection
[6] Leaf litter was collected from 12 plant species in September and October of 2008 from California, Colorado, Montana and North Carolina (Table 1) . Litter samples from deciduous species were collected within 5 days of leaf fall. For evergreen species, litter was collected from the ground, selecting litter that appeared newly dropped. Dead grass leaves were clipped from tillers that had gone dormant at the end of the growing season. All samples were oven-dried at 60°C then stored at 4°C prior to the start of the experiment.
Sample Characterization
[7] Subsamples of each litter type were ground to a fine and coarse powder with a Wiley mill (60 and 20 mesh respectively). The percentage of carbon (%C) and nitrogen (%N) in the litter was measured using the fine powder and a CHN 4010 Elemental Combustion System (Costech Analytical Technologies, Valencia, CA) ( Table 1 ). The coarse powder was analyzed using a plant fiber analyzer (Ankom Technology, Macedon, New York, USA) to determine litter solubility and quantities of various C fractions [Hobbie and Gough, 2004] . Briefly, the coarse powder was sealed in filter bags and digested at 100°C in a dilute neutral detergent to determine the cell soluble fraction lost. What remained was then digested in a weak acid detergent to quantify the hemicelluloses fraction lost. Finally, the remaining filter bags were digested using sulfuric acid and the mass lost was contributed to the cellulose in the leaf. The mass remaining was considered an estimate of the lignin fraction of the litter.
Lab Incubation and VOC Measurements
[8] Each litter sample was cut into pieces of approximately 40 mm 2 and thoroughly homogenized. The samples were then divided into eight 125 mL glass jars, each with 1.6 g dry weight (±0.06 g) of cut homogenized litter. Six jars without litter were added for experimental "blanks" and were used as background measurements of VOC concentrations in the ambient air, for a total of 102 jars (8 jars per litter type and 6 "blanks"). Each 125 mL glass jar was placed into a 500 mL . However, our goal was to compare VOC emissions between litter types and treatments, not necessarily to quantify VOC emissions as they may occur from decomposing litter in the field. Autoclaving was determined to be the most effective means of sterilization and, regardless of our choice of sterilization method, VOC emissions would have likely been altered to some degree. Four jars of each litter type were kept sterile as abiotic controls for a total of 48 abiotic samples (4 per litter type). All jars were stored in the dark at room temperature (∼22°C) for the duration of the experiment. Autoclaved deionized water was added through the filters to bring the sterilized litter sample to 80% of water holding capacity (WHC). Water was also added through the filters into the outer 500 mL glass jar to keep humidity levels constant during the incubation period. The other four autoclaved jars of each litter type were inoculated with non-sterile soil and used as biotic controls. Homogenized soil slurry was created by mixing 20 g of soil (a mixture of 3 local soil types) in 800 mL of autoclaved deionized water. To inoculate each litter type, 1 mL of the soil slurry was added directly to the litter. Autoclaved deionized water was then added to bring the litter to 80% WHC. As with the sterile samples, water was added to the outer 500 mL jar to keep air humidity levels constant. Blank jars received autoclaved deionized water in both the 125 mL jar and 500 mL jar but no litter or inoculum was added.
[9] All jars were incubated in the dark at room temperature (∼22°C) throughout the 20-d incubation period. The filters were left unsealed in order to allow for diffusive gas exchange in between VOC measurement periods. Sterility of the litter in the abiotic jars was confirmed throughout the experiment both visually and by monitoring CO 2 fluxes (or lack thereof) using a LI-COR 6400 (LI-COR Biosciences, Lincoln, Nebraska, USA). Measurements of headspace VOC concentrations started three days after setup and continued on regular intervals for 20 days. VOC concentration measurements were taken using PTR-MS (Ionicon GmbH, Innsbruck, Austria) as described by Lindinger et al. [1998] . Briefly, headspace air containing VOCs is drawn through a drift tube containing hydronium (H 3 O + ) ions. The H 3 O + reacts with the VOC (R), transferring a proton, which increases the mass by 1 amu and gives the VOC a positive charge (equation (1)).
A quadrupole detector in the PTR-MS selects for compounds with characteristic masses at a resolution of 1 amu. A secondary electron multiplier quantifies the amount of each selected mass. The PTR-MS was operated at 125 Townsends (Td; 1 Td = 10 −17 V cm 2 molecule −1 ) to keep fragmentation of the target compounds low and the clustering of water and H 3 O + ions low. The concentration of the measured VOC were calculated with the following equation
where t is the time of flight of H 3 O + through the drift tube and k is the rate coefficient for the proton-transfer reaction. Ambient air concentrations were concurrently determined using VOC measurements taken from the blank jars. These were then averaged at each time point and subtracted from the experimental jar measurements. Emission rates (E) were calculated using the equation:
In equation (3), [C] is the concentration of the measured VOC in micromol per mol, F is the flow rate though the headspace in liters per hour, W is the dry weight of the sample in grams and a is the standard molar volume of 22.414 L·mol −1 . Emission rates are reported as micromoles of VOC per gram dry litter per hour. Identification of VOCs was based solely on molecular mass and comparison to VOCs described in other studies. Thus, the identity of individual compounds has not been confirmed and any identifications are considered to be putative.
Data Analysis
[10] All analyses were run using the R statistical software (R Foundation for Statistical Computing, Vienna, Austria). Total VOC emissions (for the entire incubation period) were calculated by integrating compound emission rates over time, and the resulting total emissions were compared between treatments using Welch's two-sample t-test (Figure 1) . Total emissions among litter types were compared with analysis of variance (ANOVA). An analysis of similarity (ANOSIM) was performed on the individual percentages of emitted VOCs to determine the similarity in VOC emission profiles between the abiotic and biotic treatments and between litter types. Finally, the percentages of VOCs emitted from each litter type (VOC profiles) were compared to the measured litter characteristics using Mantel tests [Mantel, 1967] .
Results
Abiotic Versus Biotic Emissions
[11] For the non-sterile ('biotic') litters, net VOC emissions over the 20-d experiment ranged from 29 to 4816 mmol · g-litter −1 while the net emissions from the sterile ('abiotic') litters ranged from 50 to 344 mmol · g-litter −1 (Figure 1 and Table 2 ). On average, net biotic emissions were 946 mmol · g-litter −1 (611%) greater than abiotic emissions. Fraxinus pennsylvanica, the Eucalyptus sp., and Populus deltoides had the largest disparity between biotic and abiotic emissions, with biotic emissions exceeding abiotic emissions by an average of 1042%, 1044% and 2229% respectively. Seven of the 12 litter types showed significantly (P < 0.05) higher net VOCs emissions from the biotic treatments. However, those litter types that were not significantly higher during the 20-d experiment still had a larger variation of individual emission rates when compared to the abiotic emission rates (mean standard deviation of 0.70 among biotic treatments and 0.04 among abiotic treatments of these five litter types). AN-OSIM statistics comparing the proportional representation of the types of VOCs emitted from biotic and abiotic treatments showed that the VOC profiles were also significantly different (Global R = 0.83, P < 0.001) (Figures 2 and 3a) . VOC emissions from the abiotic litters were dominated by protonated masses 33, 45 and 59 (suspected to be methanol, acetaldehyde, and a combination of propanal and acetone respectively) with average percentages of total VOCs emitted of 56%, 23%, and . Inset values are total VOCs emitted over the measure time with standard error. Asterisk indicates a statistical difference (P < 0.05) between the total VOCs emitted over the measured time. 5%, respectively (Figure 2 ). In contrast, VOC emissions from the biotic litters were dominated by protonated masses 33, 59 and 43 with average percentages of 95%, 2%, and 1% respectively (Figure 2 ).
Differences in Biogenic VOC Emissions Between Litter Types
[12] Total VOC emissions were significantly affected by litter type (P < 0.001) with emission rates highest in litter from Fraxinus pennsylvanica, the Eucalyptus sp., and Populus deltoides (Figure 1 ). The types of VOCs emitted were also significantly different between litter type (Global R = 0.64, P < 0.001) (Figure 3b) . Although protonated mass 33 (methanol) was the dominant VOC in all cases (representing 78-99% of total VOC emitted), the relative proportions of VOCs varied across litter types with far more variability between plant species than between replicate litter samples from the same species (Figure 3b ). In particular, decomposing Eucalyptus sp. emitted relatively high levels of protonated mass 137 (suspected to be monoterpene) throughout the 20-d incubation with emission levels reaching 20% of total VOC emissions within the first 8 days (Figure 2) . Quercus rubra and Miscanthus sp. emitted less of protonated mass 33 during the last 6 days of the incubation, reaching 57% and 63% of the total VOC emission respectively. 
Predictability of Biogenic VOC Emissions
[13] There was a significant relationship between the types of VOCs emitted and plant family (Global R = 0.097, P = 0.006), a pattern also evident in Figure 3b which shows that VOC profiles from litter of related plant species were often similar. However, VOC emissions were not highly predictable from the measured litter chemical characteristics. There were some weak but statistically significant correlations between total net emissions and soluble cell mass, hemicellulose and to a lesser degree cellulose (r = 0.57, −0.49 and −0.44 respectively with all P < 0.002). The remaining litter characteristics (and combinations thereof) had no significant relationships with the total VOCs emitted from the non-sterile samples (r < 0.05 and P > 0.13 in all cases). Likewise, Mantel tests showed no significant correlation between these litter chemical characteristics, or combinations thereof, and the percentages of VOCs emitted (VOC profiles) from the biotic treatments (Mantel r < 0.593, P > 0.01 in all cases). [14] In nearly all cases, biotic VOC emission rates exceeded those from the abiotic controls throughout most of the incubation period (Figure 1 ). However, in only seven of the 12 litter types did the total biotic VOC emissions statistically differ from abiotic emissions during the 20-d experiment. The lack of statistical difference was either due to slow increases in biotic emissions (Pinus contorta) or an initial increase in emissions above the control followed by a marked decrease in emissions (to below the control) over the course of the incubation (Centaurea maculosa, Quercus rubra, Miscanthus sp. and Thinopyrum intermedium). From this experimental design, we were unable to ascertain whether the decrease in VOC emissions to values below the controls is caused by a decrease in VOC production or an increase in VOC consumption [see Shennan, 2006] . Nevertheless, the dynamic differences in net biotic emissions over 20 days of decomposition suggest that field emissions should be measured in order to include the biotic component in regional and global VOC emission models. Using abiotic emissions alone for models [e.g., Warneke et al., 1999] not only underestimates the net VOC flux but also leads to incorrect assumptions about the specific types of VOCs emitted during litter decomposition (Figures 2 and 3a) .
Discussion
[15] Litter from all of the species included here differed with respect to the quantities and types of VOCs emitted as they were being actively decomposed. This finding was similar to studies by Leff and Fierer [2008] and Isidorov and Jdanova [2002] that also found differences in VOCs emissions between different litter types. Although litter chemistry itself was not a great predictor of VOC emissions, the decomposition of litter from closely related species in the same family (e.g., Pinaceae and Salicaceae) often yielded similar VOC emission profiles (Figure 3b) . The types and quantities of VOCs emitted during litter decomposition are likely to be regulated by the characteristics of the decomposer communities, the specific litter components being consumed, or some combination thereof. Many microorganisms have been found to produce different VOCs depending on the substrates catabolized. For example, indoor fungal molds will produce different VOCs depending on the nature of the substrate being consumed [Van Lancker et al., 2008] . Likewise, each litter type likely harbored different microbial decomposer communities [Moorhead and Sinsabaugh, 2006; Strickland et al., 2009] and this could contribute to the observed differences in VOC profiles. Lechner et al. [2005] and Bunge et al. [2008] found that different bacteria produced different VOC profiles when grown on the same media. Future work determining the specific factors regulating the types and quantities of VOCs emitted from microorganisms during litter decomposition is necessary in order to gain a more predictive understanding of VOC emissions from litter.
[16] In all biotic cases, protonated mass 33 (methanol) was the dominant VOC emitted accounting for 78 to 99% of the emitted VOCs (Figure 2 ). Methanol emissions have been shown to be emitted from flowering plants [Macdonald and Fall, 1993] with rates related to pectin levels within the primary cell walls of the plant tissue [Galbally and Kirstine, 2002] . However, since we did not measure the pectin levels of the plant litter, we do not know if the same patterns exist for litter decomposition. A comparable study utilizing PTR-MS [Asensio et al., 2008] also found that methanol was the primary VOC emitted from the combined litter and soil in a Mediterranean shrubland. However, studies using GC-MS to examine soil or litter VOCs [Isidorov and Jdanova, 2002; Leff and Fierer, 2008] have not reported methanol emissions because the GC-MS analyses did not permit the detection of such low molecular weight compounds. The contributions from other compounds varied across litter types and families, with the largest average from protonated masses 59 and 43. However, as incubations continued over the 20-d experiment, the VOC profiles often changed (Figure 2) , demonstrating that the types of VOCs emitted can be influenced by the progression of decomposition. Studies using longer-term incubations will allow for a greater understanding of how VOC emission profiles change throughout the decomposition process, particularly if such studies include GC-MS, proton transfer reaction time of flight mass spectrometry (PTR-TOF-MS) or other such techniques to better confirm the identity of the compounds emitted.
[17] Although the results from this lab-based study, with litter incubated under nearly optimal temperature and moisture conditions, cannot necessarily be used to predict the specific rates of VOC emissions in the field, these results do point at the potential importance of VOC emissions from decomposing litter. In particular, this work highlights the relatively high emissions of methanol from all litter types, an important observation given that methanol is an important component of the OH and ozone global budgets and is also a significant atmospheric source of formaldehyde and carbon monoxide [Jacob et al., 2005] . Recent attempts to model global methanol do not take soil emissions from biotic decomposition into consideration [Galbally and Kirstine, 2002; Jacob et al., 2005] . This study suggests that including methanol emissions from the biotic decomposition of plant litter might improve the accuracy of global methanol modeling efforts. However, we note that net methanol emissions will not necessarily be positive in all cases as under certain scenarios we might expect methanol consumption to exceed methanol production rates. Also, the differences in VOC emissions from the different plant species' litter suggests that changes in vegetation type can have an important influence on microbially derived VOC emissions when considered at local, regional, and global scales.
